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CALORIMETRIC METHODS FOR THE ASSAY 
OF FUEL PINS AND RESIDUES 

by 

N. M. Lazar , S. Rosen, and A. B. Shuck 

ABSTRACT 

The possibili t ies of using calor imetr ic methods for 
assay purposes in the Plutonium Facility and the EBR-II 
Fuel Reprocessing Facility were examined. Prototypes of 
twin-differential and rate ca lor imeters were assembled and 
experimentally investigated. These investigations indicate 
that ca lor imetr ic assay methods will be useful for these pur­
poses. Based on resul ts with the prototypes, more advanced 
ca lor imete rs were constructed and are also described. 

INTRODUCTION 

It was anticipated that the Fuel Fabrication Facility (D-3 50) would 
generate large quantities of specimens, fuel pieces, and residues in which 
the plutonium content cannot be readily or accurately estimated by con­
ventional means of sampling and analysis. Examples of such items are 
fuel specimens cast or extruded directly into jacket containers, composite 
fuels, and scrap from process . In the EBR-II Fuel Cycle Facility s imilar 
problems exist. 

A rapid, nondestructive, integrating method for measuring the 
quantity of radioactive mater ia ls contained in such samples would be ex­
t remely useful in the operation of both the Fuel Fabricat ion Facility and 
the EBR-II Fuel Cycle Facility. The question of how much fuel is con­
tained in clad specimens or a heterogeneous residue is not only of in teres t 
for reasons of accountability, but also must be solved for the useful evalu­
ation of the specimens. A desirable method would integrate the total 
specimen and should not depend for its accuracy upon selection of a r e p r e ­
sentative sample. 

The total absorption of alpha radiation generates significant quanti­
ties of heat. In a given isotopic composition, the heat generated is directly 
proportional to the total quantity of plutonium or other alpha emi t te rs in 
the specimen. This heat may be accurately measured by calor imetry . Con­
sequently, ca lor imet r ic methods may be applied to the assay of nuclear 
fuels and process res idues . 



F e a s i b i l i t y of C a l o r i m e t r i c A s s a y i n g 

A survey of the l i t e r a t u r e i nd i ca t ed that r a d i o a c t i v e h e a t i n g was 
r ecogn i zed v e r y ea r ly as a pos s ib l e a s s a y me thod ; C u r i e and 
L a b o r d e ' l ' used such a p r o c e d u r e to e s t i m a t e the e n e r g y l i b e r a t e d by 
r a d i u m b r o m i d e s . Methods of sufficient a c c u r a c y for the c a l i b r a t i o n of 
r ad ioac t ive s a m p l e s and s t a n d a r d s o u r c e s have been deve loped . I m p r o v e ­
m e n t s in c a l o r i m e t r y r e s u l t e d f rom the d e v e l o p m e n t , by E. R u t h e r f o r d 
and H. Robinson,(2) of the s o - c a l l e d "twin d i f f e r en t i a l " c a l o r i m e t e r , which 
c o m p e n s a t e s for changes in e n v i r o n m e n t a l cond i t i ons . F u r t h e r r e f i n e m e n t s 
in twin c a l o r i m e t r y have been m a d e in r e c e n t y e a r s ( 3 - 5 ) t h r o u g h the a p p l i ­
ca t ion of e l e c t ron i c feedback s y s t e m s on c o n t r o l and power m e a s u r e m e n t s . 
I m p r o v e m e n t in the sens i t iv i ty by a p p r o x i m a t e l y 100-fold o v e r s y s t e m s 
i n c o r p o r a t i n g Wheats tone b r idge g a l v a n o m e t e r is sa id to have b e e n ach ieved . 
The feedback s y s t e m for i n c r e a s i n g sens i t i v i ty a p p e a r s to be l i m i t e d only 
by the sk i l l of the de s igne r and c o n s t r u c t o r of the c a l o r i m e t e r s and by the 
noise l eve l s of the amplifying s y s t e m s . 

J o n e s and Jo rdan^^ ' have used twin c a l o r i m e t e r s s a t i s f a c t o r i l y to 
m e a s u r e ene rgy output and to a s s a y r a d i o a c t i v e m a t e r i a l s . They have con­
s t r u c t e d a number of such c a l o r i m e t e r s of v a r i o u s s i z e s and s e n s i t i v i t i e s . 

Adiabat ic and i s o t h e r m a l c a l o r i m e t e r s , n o n a d i a b a t i c - n o n i s o t h e r m i a l 
r a t e c a l o r i m e t e r s , and r ad io b a l a n c e s have been u s e d for m e a s u r e m e n t of 
r ad ioac t ive hea t ing . Water ba ths have c o m m o n l y been u s e d for m a i n t a i n i n g 
adiaba t ic or i s o t h e r m a l condi t ions . However , with su i t ab le c o n t r o l s in con­
junct ion with h e a t e r s , t h e r m a l sh i e ld s , and insu la t ing e l e m e n t s , c o n t r o l l e d 
e n v i r o n m e n t s may be e s t a b l i s h e d with c o n s i d e r a b l e a c c u r a c y wi thout the 
use of a fluid bath. The poss ib i l i ty of using a l iquid m e t a l ba th w h e r e wa t e r 
is not d e s i r a b l e should not be over looked . The t i m e r e q u i r e d to m a k e a 
m e a s u r e m e n t under ad iaba t ic condi t ions is g r e a t e r than that r e q u i r e d under 
i s o t h e r m a l condi t ions . 

A. G. White(6) has r e p o r t e d a p ro to type r a t e c a l o r i m e t e r tha t shows 
p r o m i s e . It is c l a imed that such a c a l o r i m e t e r is s i m p l e to bui ld and to 
o p e r a t e , and that the m e a s u r e m e n t can be c o m p l e t e d wi thin an h o u r . Th i s 
r a t e c a l o r i m e t e r is sa id to be f lexible , and the s a m e c a l o r i m e t e r m a y be 
used to m e a s u r e s o u r c e s with s t r e n g t h r a t i o s of 1 to 1000. 

The rad io ba lance a p p e a r s to be a v e r y d e l i c a t e i n s t r u m e n t and was 
not cons ide red for the p r e s e n t app l ica t ion . 

Design Cons ide ra t i ons 

The ca lo r i c outputs of s a m p l e s f rom the E B R - I I R e p r o c e s s i n g 
Fac i l i ty were e s t i m a t e d to lie in the r a n g e be tween 7 x IO"* to 8 x 10"^ 
c a l / s e c - g . These ene rgy e m i s s i o n s a r e s ign i f i can t and a r e of such m a g n i ­
tude that a c a l o r i c m e a s u r e m e n t can be c o m p l e t e d r ap id ly enough to m a k e 



it pract ical in routine work. The heat output of samples from the Plutonium 
Fabricat ion Facility is estimated at 0.002 w / g of contained plutonium. 

The size of the samples to be weighed can vary considerably. For 
example, pin samples may be as small as 4.77 mm (0.1875 in.) long, of 
3.175-mm (0.125-in.) diameter and weigh less than one gram. Crushed 
Vycor molds on the other hand, may occupy a volume of 1.5 l i t e r s . Such 
large variat ions in size of samples may necessi tate the building of several 
ca lo r imete rs using common instrumentation. 

Temperature measurements have been made with thermocouples, 
the rmis to r s , and integrating sensing devices, such as platinum res is tance 
coils. When thermocouples or thermis tors are used, the position of the 
sample with respect to the temperature-sensing device affects the magni­
tude and accuracy of the measurement , whereas the resul ts are independent 
of the location of the sample when a "thermel" (an integrating-type r e ­
sistance sensor) is used. A feedback system in connection with an inte­
grating thermel has resulted in a very high degree of accuracy.(3,4) xhe 
electr ical c ircui t ry can be relatively simple or very elaborate, determined 
by the accuracy and sensitivity desired. The lead-wire-compensat ion 
method allows remote-control operation, making it adaptable to "hot cell" 
applications. ("̂ J 

The heat effect is character ized by the relationship 

Heat input = heat absorbed by the calor imeter + heat losses . 

Heat input is the quantity that is sought and is determined by measuring 
the other two quantities. 

Alpha or beta radiation is absorbed and converted into heat immedi­
ately. Gamma radiation is only partly absorbed. The effect of gamma 
radiation can be reduced considerably by using a calor imeter with a very 
thin wall. The attenuation of gamma rays can be included in the calibration 
of the ca lor imeter against a source of known strength. 

Calor imetr ic assay methods appear to have the following advantages: 

1. Calor imeters may be constructed for nearly any size or shape 
of sample. 

2. They are integrating instruments that do not depend upon 
sampling techniques for their accuracy. 

3. They may be constructed for use at elevated tempera ture as 
well as at low or room tempera ture . 

4. The accuracy of ca lo r imete r s can be on a par with that of an 
analytical balance. 



5. The resistance-bridge type of calor imeter has an extremely 
wide range, possibly 1000;! or grea ter . Where high accuracy 
is desired, the calorimeter should be designed to the geometry 
of the specimen. 

From the above information it was concluded that twin ca lor imeters 
would be useful for assay work in Facility 350, for determination of the 
quantity of plutonium in sealed or jacketed specimens, and also for es t ima­
tion of fuel content m the residues of the EBR-II Fuel Cycle Plant. 

As the rate calorimeter, as proposed by White,(°) appeared to be a 
simple and inexpensive instrument for assay of radioactive substances, an 
instrument of this kind was constructed as well as a twin ca lor imeter . 



THE TWIN DIFFERENTIAL CALORIMETER 

Calor imetr ic procedures are described by W. P . White,^^^ who also 
d iscusses the use of twin ca lo r imete rs . W. Swietoslawski^ ' descr ibes the 
uses of twin ca lor imeters in radiological work. More recent adaptation of 
twin ca lor imete rs to assay of radioactive mater ia l s is discussed by A. J . 
Rogers,(9) who also gives an analysis of the heat flow and of e lectr ical mea ­
surements , and descr ibes the operation of the twin calor imeter for the assay 
of polonium. S. R. Gunn(lO) has also used the twin calor imeter for m e a s u r e ­
ments of radioact ive-source strength. He gives a simplified wiring diagram 
and instructions for operating the ca lor imeter . 

The heat emitted by a constant-rate source such as radioactive 
sample may be determined by manual operation of a ca lor imeter . It is nec­
essary only to permit the sample to come to thermal balance with the cal­
or imeter and then to put electr ical energy into the dummy side until the 
tempera ture of the sample side is reached. The electr ical energy needed 
to balance thermally the two sides of the calor imeter is a measure of the 
heat emitted by the sample, provided the two sides a re identical and that 
the tempera ture of the surroundings remains constant during the m e a s u r e ­
ment. When a s teady-state condition is reached, the heat loss from the 
calor imeter to the surroundings is equal to the heat given off by the sample. 
The tempera ture drop from the calor imeter to the surroundings is usually 
measured through an accurate air gap or some other poor thermal conductor. 
The air gap is carefully adjusted to the experimental conditions, especially 
to the magnitude of the heat effect. 

There are several methods of operating twin ca lo r ime te r s . In the 
"replacement method," the one most commonly used, the unknown is run on 
the sample side and then replaced by a calibrated heater or a standard 
source. The dummy side of the calor imeter is run empty or with an inert 
ballast to compensate for environmental variat ions. It is also possible to 
operate ca lor imete rs by the "differential method," in which the unknown is 
run on one side and a standardized heater or standard radiation source is 
run on the other side of the ca lor imeter . 

Design of the Prototype Twin Calor imeter 

For the evaluation of the twin calor imeter for the Plutonium Facil i ty, 
a prototype unit was designed and built. The calor imeter is adapted from 
those described by Rogers(9) and Gunn.(lO) It consists of two watertight 
assembl ies shown in F igures I and 2, immersed in a cons tant - tempera ture 
bath shown in Figure 3. The water bath may be replaced by any environment 
capable of being held at constant t empera tu re . 



10 

j ) LIFTING PIN 

'O) TOP INSULATING 

PLUG 

^ TOP CAP 

T ) INSULATION 

T) JACKET 

"c) HEATEB FORM 

0 SAMPLE CAN 

BOTTOM CAP 

• * - ( r } WATERTIGHT 
^^ CAN 

PF-200-10 

Fig. 1. Watertight Can Assembly of 
Twin Calorimeter 

Fig. 2. Watertight Assemblies of 
Twin Calorimeter 

Fig. 3. Watertight Assemblies in Constant-temperature Bath Tank 
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Figure 1 shows the component parts of a watertight assembly; 
Figure 2 is a photograph of the two completed watertight assembl ies . It 
consists of a tube (K in Figure l) to accept the calor imeter proper and the 
associated the rmels . The housing (L) contains the electr ical connecting 
block. A conduit (N) permits connection of the lead wires from the thermels 
to the ins t ruments . The remaining parts will have to be changed for each 
new calor imeter . The sample can (l) is inserted into the jacket, which has 
grooves for bifilar (noninductive) thermometer windings which sense the 
tempera ture of the surroundings. If the bath is controlled by a separate 
thermostat , then the winding on the jacket (F) may be omitted. 

OUTSIDE THERMEL 
ANO HEATER FORM 

(AL, ANODIZED) 

SAMPLE CAN TO BE 
SNUG FIT INTO THIS 
HOLE 

The insulation (B), heater from (C), and bottom insulating plug (D) 
serve as forms for both heater and thermel, and are made of aluminum 
and Lucite, grooved for bifilar windings. An alternative design for the 
hea te r - the rmel form, in which the heater is inside the thermal form, is 
suggested in Figure 4. This design has the advantage over that shown in 

Figure 1, that it has a two-entry 
thread instead of a six-entry thread. 
This modified design is s imilar to 
the one used by Gunn.UO) 

Essentially, the constant-
temperature bath is an insulated con­
tainer of 48-gaI capacity. The bath 
temperature may be controlled by a 
thermostat or through thermels wound 
on the jacket of the watertight a s sem­
bly. The thermel should be arranged 
as a bridge, s imilar to the calor imeter 
bridge. To maintain a uniform temper ­
ature throughout the bath, a motor-
driven propeller is used for circulation. 
The water is heated with an immersion 
heater . 

EHMELS 
NONINDUCTIVELY 
DIMENSIONS 

PF-200-2 Sufficient electr ical instrumen­
tation was on the site for initial oper­
ation and study of the prototype model. 
More sophisticated instrumentation 

was designed after study of the prototype models indicated that further 
work was justified. 

Fig. 4. Alternative Thermel De­
sign for Twin Calorimeter 

It is important to have a constant source of electr ic current for ac­
curate calor imetr ic measurements . Ordinarily, a bank of low-discharge 
bat ter ies is used for this purpose. The bat ter ies are rather expensive and 
require constant attention. Stull(l l) and his coworkers have described a 
constant-power source for calor imetr ic application. They claim that this 
apparatus has operated satisfactorily with little attention over long periods 
of t ime. 
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F o r a u t o m a t i c con t ro l and r e c o r d i n g , it i s d e s i r a b l e to u s e a v o l t ­
age i n t e g r a t o r d e v i c e . T h e r e a r e a n u m b e r of m e t h o d s by which th i s m a y 

be a c c o m p l i s h e d ; one such m e t h o d is 
r e p o r t e d by B u z z e l l a n d S t u r t e v a n t . l 12) 

The s i m p l e s t f o r m of e l e c t r i ­
ca l c i r c u i t for th i s type of c a l o r i r n e t e r 
i s g iven by B e a m e r and Eas ton .C^ ' who 
u s e d the twin c a l o r i m e t e r to m e a s u r e 
the ha l f - l i fe of po lon ium. T h i s c i r c u i t 
is shown in F i g u r e 5a. When r e m o t e , 
i n - c a v e o p e r a t i o n is c o n s i d e r e d , the 
r e s i s t a n c e of the lead w i r e s m a y be 

a, c o m p e n s a t e d for by a w i r i n g s c h e m e 

^ CALORIMETER CIRCUIT 

HEATER 

I POTENTIOMETER 

sugges ted by R o g e r s (9) 

TO POTEN 

NERGT CIRCUIT 

P e r f o r m a n c e of the Twin C a l o r i m e t e r 

P F - 2 0 0 - 3 

F i g . 5 Simplif ied Wir ing C i r c u i t s 
for T'win C a l o r i m e t e r 

After a s s e m b l y of the c a l o r i m ­
e t e r componen t s , e x p e r i m e n t s w e r e 
p e r f o r m e d to d e t e r m i n e o p e r a t i n g 
t echn ique , a c c u r a c y ob t a inab l e , and 
to c o m p a r e p e r f o r m a n c e "with the 

r a t e c a l o r i m e t e r . The c i r c u i t d i a g r a m used is shown in F i g u r e 6, "which 
is a modi f i ca t ion of that given by B e a m e r and Easton.v ' ' The c u r r e n t and 
emf m e a s u r e m e n t s "were p e r f o r m e d 
nnanually with a L e e d s and N o r t h r u p 
Type K p o t e n t i o m e t e r and an e l e c ­
t r o n i c g a l v a n o m e t e r . The b r idge 
c u r r e n t "was ad jus ted by 100-Ohm 
and 10-Ohm v a r i a b l e r e s i s t o r s con­
nec ted in s e r i e s . The magn i tude of 
the c u r r e n t was m e a s u r e d as a p o ­
t en t i a l d r o p a c r o s s a s t a n d a r d i z e d 
10-Ohm r e s i s t a n c e . 

The c u r r e n t for the c a l o r i m ­
e t e r h e a t e r ^vas adjus ted with 500- , 
100- , and 10-Ohm v a r i a b l e r e s i s t o r s 
connec ted in s e r i e s , and was m e a ­
s u r e d as a po ten t ia l d rop a c r o s s a 
s t a n d a r d i z e d o n e - O h m r e s i s t a n c e . 
The s a m p l e h e a t e r with m e a s u r e d 
power input and fuel s lugs of known 
p lu ton ium content w e r e used as s a m ­
ple hea t s o u r c e s in s e p a r a t e e x p e r i ­
m e n t s . The power was suppl ied by 

SOOil lOOa IDA 

Fig . 6. C i r c u i t D i a g r a m for 
Twin C a l o r i m e t e r 
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a 6-V battery. The tempera ture of the water bath was controlled within 
0.05°C. The performance of the calor imeter was evaluated by putting a 
known quantity of e lect r ical power into the sample side and measur ing it 
on the dummy side by a balancing power input. A second method used 
plutonium-aluminum alloy fuel slugs as a standard. The magnitude of the 
power input of the plutonium samples was calculated from the isotopic 
analysis by use of the decay formula and the energy-emission data of plu­
tonium isotopes.^^3; 

Both Rogers(9) and Gunn(lO) give the analysis of the heat flow and 
of the e lect r ical measurements , and also describe the operation of the cal­
o r ime te r . Rogers method of calculating the sample power has been used. 
His basic equation for the calorimeter is 

AEB(net) = S3C3 - 3^0^, (l) 

where 

AEB(net) = change in bridge potential, V 

S = sensitivity of calor imeter , v / C or V/W 

C = rate of emission of radioactive heat, C or W. 

The subscripts s and d refer to sample and dummy side, respectively. 
The use of Equation 1 is explained in Appendix A. 

Results 

The prototype model operated very satisfactorily. The calor imeter 
operated with a reproducibility of ±0.25 percent even though temporary in­
strumentation and a simple control circuit were used. The operation of the 
ca lor imeter , interpretat ion of the data, and calculation of the resul ts were 
simple and, indeed, significantly simpler than for the comparative rate cal­
o r imete r . I twas observed that the same calor imeter constant and the same 
initial bridge-voltage value may be used in each calculation of the sample 
power in consecutive measurements . In comparison, the rate calor imeter 
demands that the ca lor imeter constants be evaluated during each tes t . Be­
cause of th is , the operating time of the twin calor imeter is reduced to about 
the same duration as that of the rate ca lor imeter . 

The theoret ical power output of the Pu-Al alloy slugs was calculated 
to be 0 00210 w / g of plutonium in the alloy; a value of 0.00229 w / g was 
found experimentally. The experiment was repeated a month later and the 
energy output was found to be 0.00227 W/g. 
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Sample data and calculations for the twin calorimeter a re given in 
Appendix A. 

Automatic Control and Recording Equipment 

Automatic controlling and recording equipment, capable of automat­
ically balancing the power output of the radioactive sample by feeding elec­
tric power continuously into the dummy side of the calor imeter , has been 
purchased. The power input is automatically integrated and recorded on a 
readout. An X-Y recorder is included, which can record either emf or 
wattage. The block diagram for this equipment is shown in Figure 7. A 
separate control panel is included for manual operation. The circuit dia­
gram for manual operation is essentially the same as that shown in Fig­
ure 6. Figure 8 is a photograph of the assembled control cabinet. 

Possibly the twin calorimeter could be used as a multiple calor im­
eter where several sample chambers could be used in conjunction with a 
common dummy chamber and using comnaon instrumentation. The bridge 
circuit for such an instrument could be arranged as shown in Figure 9. 
This multiple arrangement would make it possible to conduct several de­
terminations concurrently, resulting in considerable savings in time per 
determination. 

DUMMY THERMEL 

SAMPLE THERMEL CONSTANT-
VOLTAGE UNIT 

SAMPLE HEATER 

DUMMY HEATER 

CONTROL PANEL 

2-PEN RECORDER 
AND POWER COMPUTER 

NTEGRATOR 

PF-200-11 

Fig. 7. Block Diagram of Control and 
Indication for Twin Calorimeter 
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THE RATE CALORIMETER 

A rate calor imeter essentially as described by A. G, Whitev ' has 
been designed and constructed as shown in Figure 10. The calor imeter 
consists of a metal block enclosed in a constant- temperature environment. 
There a re two thermis tors embedded in the metal block. When a previ­
ously charged condenser is discharged through the thermis tors , current 
will flow in the circuit only during heating, that is, while the resis tance of 
the thermistor is changing. By measurement of the current prior to and 
after inserting the sample, the rate of energy release may be calculated, 
as indicated in Figure 11. 

SAMPLE HOLDER 

lEAT SHIELD 

PF-200-8 PF-200-9 

Fig. 10 Fig. 11 

Rate Calorimeter Rate Calorimeter, Current-Time Plot 

The calor imeter may be modified to accommodate samples of va r i ­
ous geometry, rate of energy re lease , and sensitivity. It appears that the 
temperature of the surroundings is not crit ical as long as it remains re la ­
tively constant, since the calor imeter is calibrated at the end of each 
experiment. 

The rate calor imeter is suitable for the determination of thermal 
effects, where there is a steady rate of heat emission. This method is not 



as accurate as the differential method. The accuracy expected is in the 
vicinity of 1-2 percent. 

The theory of the rate calorimeter is given by White.( ) 
the following relationship between current readings and source strength: 

W 
B C + 6c 

(2) 

where 

W = rate of heat input into the calorimeter 

il and î  = galvanometer reading prior to and after insertion of 
sample 

C = heat capacity of calorimeter 

6c = heat capacity of sample 

B = constant involving the capacitance of condensers. 

The value of î  is established by observing the current reading for 
several minutes after insertion of the sample and then extrapolating back 
to the time when the last observation of ii was made. 

The rate of heat input into the calorimeter can be obtained from 
Equation 2 if the values of (C + 6c) and B are known. These quantities, how­
ever, can be eliminated by taking several additional current readings while 
electrically heating the calorimeter and obtaining a new current reading ij. 
It can be shown that 

where 

Wg = power input during electric heating. 

Equation 3 is the fundamental assay equation for this rate 
calorimeter . 

Design Variables 

Further theoretical work has led to the definition of the constant B 
and gives a basis for changing design variables to improve accuracy of the 
instrument. 
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White'^) derived the following relationships for the rate of tempera­
ture change and for cur ren t as a function of this rate; 

dT 
dt 

'w 
_C ' 

i = 2EF a 

^ ( T o - T ^ ) 

^r ^t ] 
_(Rt+Rr) ' . 

.L t /C. 

dT 
dt ' 

(4) 

(5) 

where 

TQ = initial temperature of calor imeter 

E = voltage impressed on bridge 

a = temperature coefficient of resis tance of thermistor 

F = capacitance of capacitor 

Rj- = res is tance of a bridge a rm 

Rt = res is tance of one thermis tor 

L = thermal leakage of calor imeter 

t = time. 

It is apparent from Figure 11 that in order to obtain precise resul t s , 
i must be accurately determined and the slope must be correct ly 
extrapolated. 

Equation 5 shows that the capacitor current i can be used to give 
a co r rec t value of W in Equation 3 if the capacitor leakage current is 
small and 

B = 2EFa-
l^r l^t = constant. (6) 

Rf+Rv 

The above conditions were met by the use of low-leakage, tantalum 
electrolytic capaci tors and by keeping the overall temperature increase 
small . It can also be shown that matched pairs of thermis tors are not nec­
essa ry , and that proper balancing of bridge resis tance will decrease any 
excess capacitor leakage produced as a resul t of thermistor res is tance 
difference. Correct extrapolation of the slope depends pr imari ly upon; 

1, ca lor imeter lag time; 

2, ambient temperature change; 

3, the slope of the curve \~T7TJ-

file:///~T7TJ
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Equations have been derived yielding curves that closely resemble 
the actual experimentally determined curve of i vs t (see Figure II) . 
These equations help explain the effect of lag time on the obtainable ac ­
curacy. It is evident from Figure II that a small lag time is desirable . 
Lag time depends primari ly upon the thermal diffusivity of the ca lor ime­
ter material , the character is t ics of the temperature-sensing device, and 
the clearance between sample and the container. 

When Equation 3 is used, ambient temperature changes a re par ­
tially compensated for. It appears, therefore, that a constant- temperature 
environment is not imperative. 

It should also be evident from Figure 11 that a nearly horizontal 
slope (i.e., d^T/dt^ approaching zero) is desirable, since this reduces 
extrapolation e r r o r s . It can be shown that this slope var ies with ca lor i ­
metr ic specific heat, C, and calorimeter thermal leakage, L. The follow­
ing equations show this dependence; 

d ( d T / d t ) / L T 1^ dc , V /^x 
^ ¥ 7 5 r '-[—-') —(Constant L); (7) 

(Constant C). (8) 

dT/dt 

d(dT/dt) / L T \ dL 
dT/dt \ C / L 

As experimental variables cannot always be altered to the experi­
menter ' s convenience, correction factors have also been derived and can 
be applied where necessary. Three such correction factors are; 

1. To account for thermistor heating, 

^2 - ^1 6c 
Wg =-; - W e + — W t , (9) 

where 

where 

Wj = thermistor heating (due to bridge current) 

6c 
-—- Wt = the correction factor. 

2, To account for environmental temperature changes, 

dT L, X W L,^ -
- - - ( T , - T 3 „ ) = ^ - - ( T - T , o ) (10) 

TgQ = environmental temperature at time t = 0. 
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3. To account for lag time, 

where 

I = lag time. 

The two propert ies that are of importance in mater ia ls used for the 
ca lor imeter block are heat capacity and thermal diffusivity. Low heat 
capacity increases capacitor current with a given bridge arrangement , but 
the slope of i vs t increases with decreasing heat capacity. To reduce 
thermal lag, large thermal diffusivity is desirable. F rom the standpoint of 
these proper t ies , copper and alunainum are the most suitable base metals . 
For a given volume, copper has twice the heat capacity of aluminum and has 
only slightly less thermal diffusivity. Copper should be useful for measur ­
ing large sources , whereas aluminum will be necessary when source 
strengths a re small , say less than 200 mW, 

The use of high-res is tance thermis tors has a twofold advantage. 
Larger thermis tor res is tance will decrease battery drainage, thereby 
maintaining a more constant battery voltage. Since the thermistor heating 
e r r o r is related to EV4Rt (where E is the battery voltage and Rt the therm­
istor res is tance) , a large value of Rt will obviate the necessity of a cor­
rection factor. 

Pre l iminary Experimental Work 

Initially, the experimental work was carr ied out with a Leeds and 
Northrup Type "K" potentiometer and an electronic galvanometer measu r ­
ing the voltage drop across a standardized res is tance , instead of the moving 
coil galvanometer used by White.(6) It can be shown that the e r ro r in t ro­
duced by this method is damped out during the period when lag effects p r e ­
dominate and, consequently, it is not in itself a source of e r ro r . This can 
be shown as follows; 

i . i E ( , . , - . / . H ) , , . , 

where 

F = condenser capacitance 

R = res is tance in se r ies with capacitor. 

By proper choice of R the exponential can be made to approach zero . 
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The current input into the calorimeter heater was also determined 
by measuring the voltage drop across a standard res is tance . The circuit 
diagram used is given in Figure 12. To be able to match the value of r e ­
sis tors to the resistance of the thermis tors , 5000-Ohm thermis tors were 
used in ser ies with 5000-Ohm, variable precision res is tances . A separate 
electrical heater, which could be inserted into the calor imeter sample can, 
was used as a power source for calibration. The method outlined by 
White(^) was used for operating the calorimeter and interpreting the data 
obtained. Sample data and methods for extrapolation and for calculation 
are shown in Figure 1 1, which is a plot of the data obtained in one of the 
experiments. The curve is typical and similar to those obtained by 
White.(^' The accuracy of the various runs varied between 0.5 and two 
percent. 

BRIDGE CIRCUIT 

POTENTIOMETER 

The 5000-Ohm thermis tors were sub­
sequently replaced by 50,000-Ohm thermis to rs , 
which behaved as expected. Placing the calo­
r imeter into a constant- temperature bath, a l ­
though decreasing the scatter of data, did not 
produce improvement in the accuracy, which 
remained at one percent. Redesign of heat 
shields and introduction of insulating mater ia l 
around the block caused no observable change 
in the performance of the calor imeter . Re­
placement of the aluminum block with copper 
blocks of the same size and double the size 
produced the results predicted. Condensers of 
lower leakage value produced more consistent 
results and better accuracy. 

PF-200-12 
Fig. 12 

The foregoing experiments indicated the 
feasibility of measuring radioactive source 
strength by the rate calorimeter . The accuracy 
of one to two percent claimed by White was 
achieved even with the relatively crude setup 
used. It was believed that by the use of auto­

matic instrumentation including high accuracy picoammeter, instead of 
the potentiometric measurement, greater accuracy and reliability can be 
obtained. 

Experimental Circuit 
Diagram for Rate 
Calorimeter 

Leakage Value 

Leakage values for the aluminum calorimeter were determined to 
aid in investigating sources of e r ro r . The values were obtained from a 
graph of current vs time by utilizing the following equation: 

In (13) 
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The following values were averaged from several curves. 

Source Strength (mV) avg L(cal/sec-°C) 

75 
165 

0.028 + 0.002 
0.058 + 0.002 

The exact tempera tures of the calorimeter were not obtained, as there 
were no provisions for temperature measurements . The temperature 
difference between the two cases was calculated to be less than l/4°C. 
For such a small temperature difference, it is surprising that different 
leakage values are obtained. 

Modified Assay Procedure 

A suggested modification in the procedure for assaying production-
quantity fuel elements is described below. This procedure makes use of 
an instrument constant that can be determined during the initial cal ibra­
tion. The procedure should reduce the instrument time necessary per 
determination to between 15 and 20 min. Longer t imes will still be r e ­
quired when mater ia l of different shapes and content are assayed. 

The validity of the basic assumption that capacitor current is 
proportional to W was checked by plotting current changes (read as 
voltage changes on the potentiometer) against power input to the ca lor im­
eter . As expected, a linear relationship (see Figure 13) was obtained. 

The slope of the curve, 
(C + 6 C ) / B , where B and C are in­
strument constants, depends upon 
the capacitance and the bridge 
character is t ics . The heat capacity 
of the sample, 6c, will be small in 
comparison with C, and any changes 
in the value of ( C - I - 6 C ) / B due to 
small variations in the value of 6 c 
will be greatly reduced. Conse­
quently, production-type fuel ele­
ments, i.e., size and shape 
remaining constant, should yield 
the same value for the slope. 

In making a determination, 
the value obtained from the first 
portion of the curve is 

PF-200-7 
Pig. 13. Calibration Curve for 

Rate Calorimeter 
B 

C + 6c W. (14) 



Now, if W for a fuel element is f irst obtained by the usual procedure 
(using the entire curve), the value of the slope can be calculated from the 
above equation and then used repeatedly in subsequent determinations. The 
constant can also be determined by calibrating against a standard, which 
will commonly be the case. 

Further Work on the Rate Calorimeter 

In view of results of the preliminary work on the rate calor imeter , 
a multirange picoammeter and a Speedomax recorder were obtained to 
perform additional experiments to evaluate further the usefulness of the 
rate calorimeter . 

After use of the new instrumentation with a temporary control 
panel, the electrical circuitry for the control panel was decided upon, and 
the instruments and control panel were installed into a cabinet. The con­
trol circuit is shown in Figure 14, the assembled instrument cabinet in 
Figure 15. 

The control circuit (see Figure 14) contains two 50,000-Ohm therm­
istors arranged in a bridge with two 55,000-Ohm variable res is tances . 
Each of the latter consists of one 50,000-Ohm and one 5,000-Ohm high-
resolution potentiometer connected in ser ies , which makes it possible to 
vary the resistance from 0 to 55,000 Ohms to allow the use of thermis tors 

CALORIMETER 

HERMISTOR THERMISTOR HEATER 

PF-200-13 
Fig. 14, Circuit Diagram for Rate Calorimeter 
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373 
Fig. 15. Control Cabinet for Rate Calorimeter 



with different resistances. The capacitor consists of four 400-/.iF, non­

polarized tantalum electrolytic condensers in parallel, giving a total capac­

itance of 1600 /iF. The sample-heater current and the calibrating-heater 

current are adjusted with 500-Ohm high-resolution variable resistance 

and are measured with a Leeds and Northrup Type-K potentiometer, as 

potential drops across one-Ohm resistors. The exact values of the one-

Ohm resistors were determined with a Wheatstone bridge and are given 

in Figure 14. 

Originally, the calorimeter heater coil was wound with a single 

winding. To reduce spurious electrical effects, the coil later was rewound 

bifilarly, with some resulting benefit. 

A number of different types of capacitors were tested in the circuit. 
The nonpolarized tantalum electrolytic capacitors were found to work most 
satisfactorily. 

Results 

A number of tests were carried out with the calorimeter using both 

an electrical heater and aluminum-jacketed plutonium slugs as the heat 

source. The results were comparable and similar, and the current-vs-

time graphs obtained on the recorder were of the same type. A character­

istic curve is shown in Figure 16, which also illustrates the ideal and the 

^„„„j„^ desired shape of the curves. The graphs obtained on 

the recorder at the beginning of the test cycle were 

generally characterized by a slight "overshoot," 

followed by a gradual decrease of current with time, 

but the decrease in current was not always linear 

with time. When the curve deviated from linearity 

it was very difficult and at times impossible to ex­

trapolate to zero time reliably; as a consequence, 

the accuracy and the reliability of the measurements 

were not within the desired limits. When the current-

vs-time curve had a linear portion, the extrapo­

lation to zero time yielded results of better than the 

two-percent accuracy anticipated from this method. 

Figures 17 and 18 are recorder charts showing the 

"overshoot" and the desirable conditions, respectively 

EXPEfllMENTAL CURVE 

PF-200-14 

Fig. 16. Current-Time 
Curves from Rate 
Colorimeter 

R e p l a c e m e n t of t h e a l u m i n u m h e a t s i n k b y o n e 
m a d e of c o p p e r c a u s e d n o s i g n i f i c a n t c h a n g e i n t h e 
p e r f o r m a n c e of t h e c a l o r i m e t e r . 

T h e t i m e n e e d e d f o r o n e d e t e r m i n a t i o n w a s 
a b o u t 90 m m . T h e r e a s o n f o r t h i s l o n g e r - t h a n - a n t i c i p a t e d t i m e of o p e r a ­
t i o n w a s t h a t a p e r i o d of a b o u t 30 m i n w a s n e e d e d to p e r m i t t h e r e e s t a b l i s h -
m e n t of t h e r m a l e q u i l i b r i u m w i t h i n t h e c a l o r i m e t e r . T h i s a l l o w e d t h e 
r e a d i n g o n t h e a m m e t e r t o d r o p t o a l e v e l w h e r e a n e w t e s t c o u l d b e c a r r i e d 
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673 

Fig. 17. Recorder Chart Showing Overshoot When 
Sample Inserted in Rate Colorimeter 

673 
Fig. 18. Recorder Chart Showing Desired 

Curve for Rate Colorimeter 

Sample calculations for the rate colorimeter are given in 
Appendix B. 

Discussion of Results 

The departure from linearity of the cur ren t -vs- t ime graph made 
it very difficult, and at t imes impossible, to extrapolate the current read­
ing back to zero time with any degree of reliability. This affected the 
accuracy of the determination in three cases . When the plots were l inear, 
however, the measurements obtained were better than two percent accura te . 



A. G. White'^' also observed this t ransient effect when a radioactive 
sample was inserted in the calor imeter . He claims that this is caused be­
cause the sample is at a higher temperature than the ca lor imeter ; after 
thermal equilibrium occurs, the effect vanishes. 

Two observations seem to indicate that the nonlinearity is due to 
thermal phenomena as suggested by White. The nonlinearity and its ac ­
companying "overshooting" were most evident during the first test in a 
ser ies . In later tests the more ideal, linear behavior occurred. When the 
sample heater was used as the source of sample power, the nonlinearity 
and "overshooting" occurred when the heater was turned on and allowed to 
warm up before insertion into the calor imeter . This procedure more 
closely duplicates the test with radioactive mater ia l s . If, however, the 
heater was turned on while in the calor imeter , causing a more gradual heat 
influx, no "overshooting" or nonlinearity occurred. 

The time needed for one determination was longer than anticipated. 
It is possible that the speculated advantage over other ca lor imetr ic methods 
will not be realized. It is conceivable that the twin calor imeter may be op­
erated as a multiple calorimeter , bringing the time needed for a determina­
tion into the range of the rate calorimeter . 

Recommendation for Further Modifications 

Presently, the recorder is used with the zero point set at midscale. 
This is done because the capacitor current usually t ravels in both directions 
during a test and changing the polarity during a test by means of the polarity 
switch on the control panel seems to induce some e r ro r . Use of the mid-
scale reduces by a factor of two the magnitude of the measurable current 
change and, therefore, increases the experimental e r ro r , A la rger portion 
of the full scale could be used if the recorder were adjusted so that the 
zero were, let us say, at 0.2 of full scale from the left side. Precaut ions 
must also be taken to minimize external electrostat ic effects. 

Six-Volt storage batteries were used as DC power supplies. These 
batteries exhibited slight variations in emf that make it necessary to use 
mean values of heater power and possibly having a significant effect on the 
capacitor current. In the equation for capacitor current , 

T , d T , , 

' - ^ d T ' (15) 

B is assumed to be a constant. In the te rms of directly measurable quanti­
ties B is given by Equation 6. It can be shown that the change in the t e rm 
Rr Rt / (Rt+Rr) is negligible during a normal test. It is seen, however, that 
a significant variation in E would have a significant effect on the value of B. 
Therefore, the variation in battery emf may be a cause of the nonlinear 
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dependence of current vs time during the rating period. Ideally then, a 
constant source of electr ic current is desired. 

Some improvement in accuracy may be obtained by adjustment of 
the volume of the calor imeter block, i.e., its heat capacity, to the size of 
the sample heat source. This problem has been discussed ear l ie r . 

Recommendation for Use 

The rate ca lor imeter has several advantages over the twin calo­
r ime te r . It is s impler and less costly to build. Being insensitive to 
slight changes in room temperature , it does not need a constant tempera­
ture environment. 

There are disadvantages as well. Operation is not as s traight­
forward as was expected. Operation time was longer than had been ex­
pected, A single test with the rate calor imeter took approximately an 
hour to perform, whereas approximately one to two hours were required 
with the twin ca lor imeter . Using the rate calor imeter , however, there 
is a period of about half an hour between consecutive runs which has to 
be allowed for the reestablishment of thermal equilibrium within the cal ­
o r imete r . No such period is required with the operation of the twin calo­
r ime te r . Readings and adjustments must be made with the rate 
ca lor imeter during the test, whereas the twin calor imeter requires 
attention only at the beginning and at the end of a test. More time is r e ­
quired in the interpretat ion of the resul ts and for the necessary calcula­
tions with the rate ca lor imeter . 

The resul ts with the rate calor imeter a re less accurate and 
reliable than those obtained with the twin calor imeter . Even if exact­
ness is introduced into the process of extrapolation, it is still physically 
limited to one to two percent accuracy. It seems that except where cost 
or the need of a constant temperature environment a re factors of 
importance, the twin calor imeter could be used to better advantage. 
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SUMMARY 

The following is a comparison of the rate and twin ca lor imete rs ; 

1. Cost: The construction of the twin calor imeter is more expensive than 
that of a rate calorimeter; however, without elaborate instrumentation, 
the difference in cost should not be enough to rule out the use of the 
twin calorimeter, 

2. Size: If space requirements are important, the twin calor imeter has 
the disadvantage of needing a more closely controllable constant-
temperature environment, which requires more space. 

3. Accuracy: The twin calorimeter surpasses the rate calor imeter in 
both accuracy and reliability of resul ts : 

Rate calorimeter: +2.0%; 
Twin calorimeter: ±0.25% or better . 

4. Time Involved: The difference in the operating time is small , and 
it seems possible that redesign of the twin calor imeter as a multiple 
calorimeter can make its operating time significantly shorter than 
that of the rate calorimeter . The advantage that the twin calor imeter 
has in this respect is that the calorimeter constants have to be de­
termined only once, whereas the rate calorimeter demands such an 
evaluation with each test . 

5. Adaptability to Production: The rate calorimeter is limited to three 
or four tests per 8-hr day, whereas a multiple twin calor imeter 
could be adapted to measure a larger number of samples . 
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A P P E N D I X A 

H e r e is g iven an e x a m p l e of da t a and c a l c u l a t i o n s in e s t a b l i s h i n g 
s o u r c e s t r e n g t h w i t h the twin c a l o r i m e t e r . w j The s o u r c e s t r e n g t h i s 
c a l c u l a t e d in W a t t s . 

(a) In i t i a l b r i d g e v o l t a g e ; E B O = 0.003671 V. 

(b)* S a m p l e h e a t e r i s t u r n e d on and af ter t h e r m a l e q u i l i b r i u m h a s been 
e s t a b l i s h e d : 

E B I = 0.002129 V; 

AEgj = E B I - E B O = -0 .001542 V. 

R e s i s t a n c e of s t a n d a r d r e s i s t o r s ; 

R G S = 1 . 0 0 2 O h m s ; R Q D = 1 .004Ohms . 

E Q S = 0 .079978 V, iQg = E Q S / R - G S = 0.07981836 A m p . 

F s = R H S = 3 1 . 1 8 0 h m s ( s a m p l e s ide h e a t e r ) 

W = R H S I ^ = (31.18)(0.07981836)2 = 0.1986468 W. 

Thus the s e n s i t i v i t y in the s a m p l e s ide is 

Sg = A E B I / W = -0 .001542 /0 .1986468 = -7 .76252 x lO'^ V / w . 

(c)* D u m m y and s a m p l e h e a t e r s in s e r i e s a r e t u rned on and af ter t h e r m a l 
e q u i l i b r i u m h a s b e e n e s t a b l i s h e d : 

E B 2 = 0.003665 V; 

A E B 2 = E B 2 - E B O = -0 .000006 V. 

E^cr = 0.08086 V, IQS = E G S / R - G S = 0 .08086/ l .O22 = 
'-'^ 0.08064471 A m p . 

E ^ n = 0.080975 V; I G D = E G D A G D = 0 .080975 /1 .004 = 
^ ^ 0.08065239 A m p . 

I^^ = 1/2 (IGS + I G D ) 0.08064855 A m p . 

= A E B z / l i v = -0 .000006/ (0 .08064855)2 
-0 .92248 X 10"^ V/Amp2 

•'av 

m 

A = F g S s - m 

= (31 .18) ( -7 .76252 x 10"^) - ( -0 .92248 x 10"^) 

= -0 .2411289 V/Amp2 . 

*Once Ss and A a r e d e t e r m i n e d , they a r e used in s u b s e q u e n t c a l c u l a ­
t i ons and need not be c a l c u l a t e d aga in . 
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(d) Sample is p l a c e d in c a l o r i m e t e r , d u m m y h e a t e r i s t u r n e d on and a f t e r 
t h e r m a l e q u i l i b r i u m has b e e n e s t a b l i s h e d : 

EB3 = 0,003662 V. 

AEB3 = E B 2 - E B O = -0 .000009 V-

E G D = 0,055990 V. 

I G D = 0 ,05590/1 .004 = 0.05576693 Amp. 

A E B 3 + A I Q D _ - (0 .000009) - (0 .2411289) x (0,05576693)^ 
^ S - 2^ - -7 .76252 x 10"^ 

= 0.09776 W. 
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APPENDIX B 

Here is given an example of data and calculations for establishing 
source strength with the rate calorimeter: 

Standard resistance, sample heater circuit: 1.008 Ohms, 

Standard resistance, calorimeter heater circuit: 0.994 Ohm. 

Sample heater, potentiometer reading: Eg = 0.044944 V, 

Calorimeter heater, potentiometer reading: EQ = 0.032972 V. 

Sample heater resistance, Rg = 25.26 Ohms. 

Calorimeter heater resistance, RG = 47.48 Ohms. 

Sample heater input, Î Rg = ( ^ ^ J ^ ^ ) ' (25.26) = 0.0502 W, 

Calorimeter heater input, I^R^ = ( ^ f | ^ ) ' (47.48) = 0.05224305 W 

il = 39.9 (2 X IO-''); iz' = 56.7 (2 x IO"''); 

ij = 58.7 (2 x IO-''); ij = 76.0 (2 x 10"'); 

i2 - il _ 58.7 - 39.9 ^ 18.8 
ij - ij' ~ 76.0 56.7 19.3 

w = 'z - ' • w = i ^ (0.05224305) = 0.0509 W. 
i3 - i2' = 19.3 

0.0509 - 0.0502 _ „ 
% error = ^-^^^ +1 .39%. 






